Integrins are protein receptors on cells, and inhibiting these receptors is a strategy for treating many diseases. We show that commonly-used integrin inhibitors are unable to dissociate preformed integrinligand complexes, whereas inhibitors that function allosterically are able to do so.
Summary Statement
Integrins are protein receptors on cells, and inhibiting these receptors is a strategy for treating many diseases. We show that commonly-used integrin inhibitors are unable to dissociate preformed integrinligand complexes, whereas inhibitors that function allosterically are able to do so.
Abstract
Failure of Arg-Gly-Asp (RGD)-based inhibitors to reverse integrinligand binding has been reported, but the prevalence of this phenomenon among integrin heterodimers is currently unknown. Here we have studied the interaction of four different RGD-binding integrins (51, V1, V3 and V6) with fibronectin (FN) using surface plasmon resonance. The ability of inhibitors to reverse ligand binding was assessed by their capacity to increase the dissociation rate of preformed integrinFN complexes. For all four receptors we show that RGD-based inhibitors (such as cilengitide) were completely unable to increase the dissociation rate. Formation of the non-reversible state occurred very rapidly and did not rely on the time-dependent formation of a high affinity state of the integrin, or the integrin leg regions.
In contrast to RGD-based inhibitors, Ca 2+ (but not Mg 2+ ) was able to greatly increase the dissociation rate of integrinFN complexes, with a half-maximal response at ~ 0.4 mM Ca 2+ for V3FN. The effect of Ca 2+ was overcome by co-addition of Mn 2+ but not Mg 2+ . A stimulatory anti-β1 monoclonal antibody (mAb) abrogated the effect of Ca 2+ on 51FN complexes; conversely, a function-blocking mAb mimicked the effect of Ca 2+ . These results imply that Ca 2+ acts allosterically, probably through binding to the adjacent to metal-ion dependent adhesion site (ADMIDAS), and that the α1 helix in the β subunit I domain is the key element affected by allosteric modulators. The data suggest an explanation for the limited clinical efficacy of RGD-based integrin antagonists, and we propose that allosteric antagonists could prove of greater therapeutic benefit.
INTRODUCTION
Integrins are a large family of α,β heterodimeric receptors for extracellular matrix and cellsurface proteins [1] . Integrins are validated therapeutic targets in oncogenic, thrombotic and autoimmune disorders [2, 3] . A large subset of integrins comprises those that recognize the Arg-Gly-Asp (RGD) sequence in their ligands (α3β1, α5β1, α8β1, αVβ1, αVβ3, αIIbβ3, αVβ5, αVβ6 and αVβ8). Many of these receptors recognize this site in the prototypical integrin ligand fibronectin (FN). Ligand-mimetic RGD-based compounds (e.g. cilengitide) act as competitive antagonists, and have been developed for treatment of cancer [4, 5] .
The overall structure of integrins is that of a large 'head' region supported by two long 'legs' [6, 7] . The head region includes the β-propeller domain of the  subunit and the I and hybrid domain of the β subunit. At least three major conformational states of integrins have been identified: a closed form with bent legs and closed headpiece, an intermediate form with extended legs and closed headpiece, and an open form with extended legs and open headpiece [8] [9] [10] . These three states correspond to states of low, intermediate and high affinity, respectively [11] . Opening of the headpiece involves shifts of the 1 and α7 helices in the βI domain, and an outward swing of the hybrid domain away from the β-propeller [7, [12] [13] [14] [15] [16] . Loops on the upper surface of the β-propeller and the top face of the βI domain form the ligand-binding pocket [16] [17] [18] [19] .
The top face of βI contains three structurally interlinked bivalent cation-binding sites: the metal-ion dependent adhesion site (MIDAS), the ADMIDAS (adjacent to MIDAS), and SyMBS (synergistic metal-binding site; also known as LIMBS) [6, 7, 20] . The bivalent ions Mn 2+ , Mg 2+ and Ca 2+ each have distinct effects on integrin affinity and conformational state through binding to these sites. Mn 2+ or Mg 2+ (or more rarely Ca 2+ ) occupancy of the MIDAS is critical for ligand recognition through coordinating to a carboxyl oxygen, such as in the side chain of Asp in ligands containing the RGD sequence [16, 17] . Ca 2+ has multiple effects on ligand binding and can be stimulatory or inhibitory, dependent on the Ca 2+ concentration and whether Mn 2+ or Mg 2+ is also present [21, 22] . The SyMBS mediates the positive effects of low concentrations of Ca 2+ on Mg 2+ -supported ligand binding, whereas the ADMIDAS mediates the negative effects of higher Ca 2+ concentrations on Mn 2+ -supported ligand binding [23] [24] [25] [26] . Mn 2+ binding promotes the formation of the open form of the headpiece, whereas Ca 2+ favours the closed headpiece [13, 20] .
Receptorligand binding can involve either induced-fit (the binding of ligand to a low affinity form of the receptor, which then converts to a high affinity form) or selected-fit (the binding of ligand to a high affinity state of the receptor, in preference to a low affinity state) interactions [27] . There is evidence to support both types of interaction for RGD-binding integrins [16] but there is considerable debate concerning the relative importance of each type [11, 16] . In addition, a high affinity, non-reversible 2 form of αVβ3 and αIIbβ3 bound to their ligands has been reported [28] [29] [30] [31] [32] . A study by Orlando and Cheresh [28] established that (i) macromolecular ligands but not RGD peptides bind to αVβ3 in a stabilized manner (dissociation rate, k d , close to zero), (ii) after macromolecular ligand binding has taken place excess soluble ligand or RGD peptides are unable to dissociate the complex, and (iii) a conformational change in the integrin is necessary for binding to become stabilized.
It is not currently understood if non-reversible states are a common feature of integrinligand interactions, how rapidly they form, what regions of the integrin are implicated, the nature of the conformational changes involved, and the role (if any) of bivalent cations. Here we examine the binding in real time of four different RGD-binding integrins to a fragment of FN using surface plasmon resonance (SPR). We demonstrate that the binding of each integrin to FN is non-reversible by RGD-based inhibitors. Formation of the non-reversible state is very fast, and not related to the slow formation of a state with very low dissociation rate. Our data suggest that formation of the non-reversible state is dependent on conformational changes within the βI domain, and perturbing these changes with allosteric inhibitors leads to rapid dissolution of the integrinligand complex. Based on these findings, we propose that allosteric integrin antagonists could have potent therapeutic benefit.
EXPERIMENTAL

Materials
The production of recombinant integrin α5β1-Fc and its truncated form TRα5β1-Fc has been previously described [26, 32] . Briefly, α5β1-Fc and TRα5β1-Fc were produced in NS0 cells and purified using Protein A Sepharose. TRα5β1-Fc was further purified by affinity chromatography on 50K-Sepharose. Both integrins were then purified by gel-filtration chromatography using Superose 6 (GE Healthcare). Recombinant integrin αVβ3TM [6] was a gift from S. Goodman (Merck Serono, Darmstadt, Germany). Recombinant soluble (rs) integrins αVβ1 and αVβ6 were produced in a baculovirus expression system in High Five TM cells [33] . In brief, cDNA of full-length ectodomains of αV and β1, or αV and β6 were cloned into the pFastBact TM Dual vector (Life Sciences). The C-termini of the αV and β subunits were extended with the Fos leucine zipper motif and His 6 tag, and the Jun leucine zipper motif and FLAG® tag, respectively (constructs were a gift from S. Ludbrook, GlaxoSmithKline, Stevenage, United Kingdom). Bacmid DNA was isolated from DH10BAC E.coli cells, following transformation with the pFastBactTM Dual αVβ1 and αVβ6 vectors, and used to transfect Sf9 cells. Upon transfection, the Sf9 cells produced recombinant baculovirus which was subsequently amplified to generate high titre baculovirus. A suspension culture of High Five TM cells was infected with recombinant baculovirus at a multiplicity of infection (MOI) of 5 and then cultured using a Wave TM bioreactor (GE Healthcare Life Sciences) or in 2 litre conical flasks (Corning) for 72 h at 28 o C. The cell culture supernatant was then concentrated and diafiltrated using tangential flow filtration. Soluble integrin was purified first using Ni-NTA agarose (Qiagen) and then by anti-FLAG® agarose (Sigma). rsαVβ6 was further purified using Superose 6. LC-MS/MS analysis confirmed that the integrin proteins were isolated to a high degree of purity. Both rsαVβ1 and rsαVβ6 bound strongly to fibronectin in solid phase assays [33] .
Monclonal antibody (mAb) TS2/16 was a gift from F. Sánchez-Madrid (Hospital de la Princesa, Madrid, Spain). N29 was a gift from J. Wilkins (University of Manitoba, Winnipeg, Canada), mAb 13 was a gift from K. Yamada (National Institutes of Health, Bethesda, MD, USA), 4B4 was from Beckman Coulter, 8E3 has been previously described [10, 34] . Fab fragments of TS2/16 and N29 were produced by ficin cleavage as previously described [13] .
The 50-kDa cell-binding domain fragment of human fibronectin (3Fn6-10; '50K') and a mutant in which the RGD sequence was converted to KGE (50K-KGE) were produced in E. coli and purified as before [18, 35] . 50K and 50K-KGE were biotinylated using maleimide-PEG 2 -biotin (Thermo Scientific) and purified by gel-filtration using Superdex 200 (10/30, GE Healthcare) to remove unreacted cross-linker and any multimers. Both proteins contain a single site for biotinylation in 3Fn7. Peptide GCRGDSPCG (cRGD) was purchased from Peptide 2.0 Inc. (Chantilly, VA, USA) and cyclized by oxidation as previously described [18] . Cilengitide was a gift from D. Cheresh, (Department of Pathology and Moores UCSD Cancer Center, USCD, La Jolla, CA, USA). Avidin (from egg-white) was obtained from Life Technologies.
Surface plasmon resonance
Experiments were performed using the ProteOn XPR36 instrument (Bio-Rad Laboratories). Running buffer was 150 mM NaCl, 10 mM Hepes, 0.02% (w/v) Tween-20, pH 7.4 with 1mM MnCl 2 (RBMn), except where otherwise indicated. Running buffer without MnCl 2 is referred to as RB0. Immobilization of avidin was performed on a GLC chip (Bio-Rad Laboratories) in the vertical orientation. Two channels were activated with 150 μl of 25 mM N-ethyl-N′-(3-dimethylaminopropyl) carbodiimide (EDC) followed immediately by 8 mM sulfo-Nhydroxysuccinimide (sulfo-NHS) at a flow rate of 30 μl/min using the 'coinject ligand' command. Avidin was diluted in running buffer to a final concentration of 1.2 µM, and 150 μl was injected, followed by an injection of 150 μl of 1 M ethanolamine-HCl (pH 8.5) at a flow rate of 30 μl/min. The immobilization level of avidin was approximately 3200 resonance units (RU). Next, 150 μl of 50K-KGE in one channel and 50K in the second (20200 nM) in running buffer were injected to allow their capture by the immobilized avidin. Immobilization levels were in the range 50-600 RU, as required for different integrins. Injection of 50K and 50K-KGE was repeated as necessary to give equivalent immobilisation levels of the two proteins. Typically, a low surface density of the 50K-KGE was bound to the chip surface on L1 (reference channel) and an equivalent low density of 50K was bound on L2 (ligand channel) [36] . All experiments were performed at 25 °C. For further details of Proteon XPR36, kinetic measurements and analysis see Supplementary Data.
To test the effect of cilengitide, cRGD or ETDA on the dissociation rate of integrin50K complexes, 100 l integrin in RBMn was injected in three parallel horizontal channels at 50 μl/min and binding to 50K was allowed to occur for 120 s, followed by injection of RBMn for 60 s; next either RBMn alone (channel 1), or RBMn with inhibitor (channel 2) was injected for 120 s, followed by a return to RBMn alone. The concentration of inhibitor used was the same as that which resulted in zero 50K binding if added to the integrin prior to the initial injection period (channel 3). The three-stage injection described above (integrinbuffer-inhibitor) was accomplished using the 'Coinject analyte' command. The buffer acts as a barrier between the integrin and inhibitor solutions and helps to prevent mixing between the two. Injection quality was set at 'maximum'. Integrin concentrations used were 6 nM for α5β1-Fc, 50 nM αVβ1, αVβ3 and αVβ6, and 40 nM for TRα5β1-Fc, except were indicated otherwise.
Similar methods were used in other experiments and further details are given in Figure  legends .
Data analysis
All binding sensorgrams were collected, processed, and analysed using the integrated ProteOn Manager software (Bio-Rad Laboratories). Short black segments on some sensorgrams represent artefact (spike) removal from the data. Except where stated otherwise, dissociation rates were calculated using off-rate analysis (ProteOn Manager software) with the equation: ].
Curves were fitted using global optimization by simulated annealing (GOSA-fit, www.biolog.biz). All results shown are representative of at least three separate experiments.
RESULTS
Kinetics of integrinFN binding
For these studies we utilised four different recombinant RGD-binding integrins (51, V1, V3 and V6), and a fragment of FN, termed '50K' [18] , as the ligand. The Proteon XPR-36 instrument was utilised for SPR measurements [37, 38] . To measure kinetics we used a short association phase, followed by a long dissociation phase. The results (Figure 1) showed that each integrin interacted with 50K but had differing dissociation rates. In each case, however, a biphasic dissociation phase was observed in which the dissociation rate in the early part of the dissociation phase was higher than that in the later part (Table 1 ). These data suggest either that the integrin samples contain a mixture of states with one form having a high dissociation rate and another having a low dissociation rate, or that a form of the integrin with high dissociation rate is gradually converted to a form with a low dissociation rate. To attempt to discriminate between these two possibilities, we fitted the data to either a selected fit (heterogenous analyte) model ( Although we could not distinguish between the selected fit and induced fit models based on the above analyses, we found that at longer time periods after the association phase the dissociation rate became progressively lower (for example, k d ~ 10 -5 s -1 at 6 h for α5β1-Fc, data not shown), suggesting that time-dependent stabilisation of a high affinity state does play some role in these interactions.
IntegrinFN complexes are non-reversible by RGD-based peptides
To investigate the effect of reagents on pre-formed integrinFN complexes we used the following procedure: integrin binding to 50K was allowed to occur for 120 s, followed by injection of running buffer alone for 60 s; next either running buffer alone, or running buffer with inhibitor was injected for 120 s, followed by a return to running buffer. The concentration of inhibitor used was the same as that which resulted in zero binding to 50K if added to the integrin before the association phase (see legend to Fig. 3 ). The primary RGDbased inhibitor we used was cilengitide, a cyclic peptide containing the RGDf(N-Me)V sequence [4] . The second was a cyclic peptide (cRGD) containing the GRGDSP sequence from FN [18] . We found that neither RGD-based antagonist increased the dissociation rate of integrinFN complexes (Fig. 3) , similar results were obtained at ten times higher inhibitor concentrations (data not shown). Since addition of the inhibitor took place only 1 min after the end of the association phase our data indicate that it is not necessary for a time-stabilised state to form before complexes become resistant to the effect of such antagonists. In addition, the observation that those integrinFN complexes with fast initial dissociation rates (αVβ1 and αVβ6) were unaffected by RGD-based inhibitors suggests that non-reversibility is also a feature of low affinity states.
Effect of EDTA on the dissociation of integrinFN complexes
We next investigated whether EDTA, which is known to disrupt integrinligand interactions by removal of the metal ion at the MIDAS site, could dissociate the integrinFN complexes. Experiments were performed in essentially the same way as described above, except that running buffer with 5 mM EDTA was injected during the dissociation phase in place of RGD-based peptides. The results (Figure 4) showed that EDTA could very rapidly disrupt αVβ1 and αVβ6FN complexes, and more slowly α5β1FN complexes. In contrast, αVβ3FN complexes were resistant to the effect of EDTA, and we observed only a ~ 1.5-fold increase in the dissociation rate in the presence of 5 mM EDTA (see Figure 4 legend). As a control, no binding to 50K was observed if EDTA was added to each integrin before the association phase (Figure 4 ).
The integrin head region is sufficient for non-reversibility
To investigate what regions of the integrin are required for non-reversible binding we utilised a truncated construct of α5β1-Fc (termed TRα5β1-Fc) that contains only the head region of α5 and β1 subunits [26, 32] . We have previously shown that this protein is of lower constitutive activity than the α5β1-Fc construct (used above) that contains the full-length ectodomains [32] . We tested binding of this construct to 50K as described above ( Figure 5A ). The results showed that the dissociation phase was very clearly biphasic (or multiphasic) with a fast initial off-rate and a very slow final off-rate (Table I ). In agreement with previous results that the interaction of TRα5β1-Fc with FN is weaker [32] , the initial dissociation rate was markedly faster than that for α5β1-Fc. However, a component with high affinity binding was observed at later time points. We fitted the kinetic data to either a heterogenous analyte model, or a two-state model ( Figure 5B, C; Supplementary Tables I and II) . Both models fitted the data well, whereas a 1:1 model did not ( Figure 5D ). However, the marked differences between the initial and final dissociation rates made this system suitable for discriminating between the two-state and heterogeneous models by testing the effect of varying the length of the association phase on the subsequent dissociation phase ( Figure 5E ). The data showed that the proportion of the slowly dissociating component increased as the association time increased, consistent with time-dependent stabilisation of a high affinity state (two-state model) for this complex.
We next examined whether RGD-based inhibitors or EDTA could dissociate TRα5β1FN complexes, using the same procedures described above. The results ( Figure 5F-H) showed that the complexes could not be dissociated by RGD-based inhibitors, although they were readily dissociated by EDTA. Hence, the head region alone is sufficient to make ligand binding non-reversible by RGD-based peptides. In addition, since the peptides were added during the early part of the dissociation phase, these data also provide further evidence that a high affinity form of the integrin is not required for ligand binding to become non-reversible.
Effect of bivalent cations on the reversibility of αVβ3FN complexes by RGD-based peptides
We focussed mainly on αVβ3 for studies of the role of bivalent cations in non-reversible binding because of the resistance of αVβ3FN complexes to dissociation by EDTA. This property indicates that the MIDAS cation is very stably bound in the complex, and hence unlikely to be lost, or replaced by other bivalent ions, during the dissociation phase.
In the first series of experiments we tested if αVβ3FN complexes were reversible by RGDbased peptides if Mg 2+ or Ca 2+ , rather than Mn 2+ , was used as the supporting bivalent ion. Both Mg 2+ and Ca 2+ enabled FN binding although the initial dissociation rate in Ca 2+ was much faster than that in Mg 2+ . The inhibition data showed that αVβ3FN complexes formed in Mg 2+ could not be dissociated by RGD-based peptides ( Figure 6A, B) , whereas complexes formed in Ca 2+ were weakly susceptible to dissociation by these reagents (Figure 6D , E). The dissociation rate of αVβ3FN/Ca 2+ complexes in the presence of cilengitide or cRGD was ~ 3-fold higher than in the absence of peptide (Figure 6 legend). EDTA still had only a very small effect on the dissociation rate in either Mg 2+ or Ca 2+ ( Figure 6C, F) .
IntegrinFN complexes can be dissociated by Ca
2+
Because Ca 2+ was able to influence whether RGD-based inhibitors could dissociate αVβ3FN complexes, we next tested if Ca 2+ itself could affect the dissociation of integrinFN complexes formed in the presence of Mn 2+ . Ca 2+ was added during the dissociation phase at a concentration of 2 mM in running buffer without Mn 2+ . To our surprise, we found that Ca 2+ was highly effective at dissociating αVβ3FN complexes ( Figure 7A) , with the dissociation rate of αVβ3FN complexes in the presence of Ca 2+ being > 50-fold higher than that in running buffer alone (Figure 7 legend) , or that in running buffer with no bivalent cations (not shown). Ca 2+ was also very effective at dissociating other integrinFN complexes (Figure 7B-D) . In contrast, addition of buffer with 5 mM Mg 2+ had little or no effect on the dissociation rate ( Figure 7A-D) .
To assess the concentration of Ca 2+ required to give half-maximal inhibition, and thereby to estimate the apparent affinity of Ca 2+ binding, we measured the dissociation rate of αVβ3FN complexes at varying concentrations of Ca Figure S2) , although because of a marked increase in the dissociation rate of α5β1FN complexes in the absence of Mn 2+ (probably due to gradual loss of the MIDAS cation), it was not feasible to accurately fit the data to obtain an apparent K D value for these complexes. Figure 8C, D) . We then fitted the dissociation rate versus [Mn 2+ ] to obtain an 'IC50' value (the concentration of Mn 2+ at which the effect of Ca 2+ is 50% inhibited; fitting not shown). Results for αVβ3FN complexes were ~ 0.1 mM (see Figure 8 legend) . Similar results were obtained for α5β1FN complexes (Figure 8 legend) [13, 20] . We therefore hypothesised that a mAb whose binding favours the open form of βI may be able to overcome the ability of Ca 2+ to dissociate integrinFN complexes. For this experiment we used the stimulatory mAb TS2/16, which binds in the α2 helix region of the β1 subunit βI domain [39] . Binding of α5β1 to 50K took place for 120 s in the absence or presence of a Fab fragment of TS2/16. A Fab fragment of N29, a mAb that binds to the 1 subunit PSI domain [12] , was used as a control. After a 60 s dissociation period the α5β1FN or α5β1-FabFN complexes were challenged with buffer containing 1 mM Mn 2+ , or buffer containing 0.2 mM Ca 2+ . The results showed that TS2/16, but not N29, was able to greatly reduce the ability of Ca 2+ to dissociate the complexes ( Figure  9A and Figure 9 legend).
Blockade of the effect of
Conversely, we also hypothesised that an antibody that has the opposite effect of TS2/16 may be able to mimic the effect of Ca 2+ . For this experiment we used a function-blocking mAb 13, an allosteric inhibitor of β1 integrins that, like TS2/16, binds in the α2 helix region of the βI domain [39, 40] . mAb 13 was added during the dissociation phase of α5β1FN complexes in the presence of Mn 2+ . We found that mAb 13 was able to increase the dissociation rate of these complexes ~ 10-fold, i.e., to a similar extent as 0.2 mM Ca 2+ ( Figure 9B and legend). A control anti-1 mAb, 8E3, did not increase the dissociation rate, whereas a second inhibitory mAb, 4B4, did increase the dissociation rate but to a lesser extent than 13 (Supplementary Figure S3 ).
DISCUSSION
Our major findings are: (i) non-reversibility of integrinFN complexes by RGD-based peptides is a common feature of RGD-binding integrins, (ii) the non-reversible state forms very rapidly, and the time-dependent formation of a tightly bound state is not necessary for non-reversibility, (iii) αVβ3FN complexes cannot be disrupted by EDTA, although those of other RGD-binding integrins are readily dissociated, (iv) the non-reversible state is dependent on regions within the integrin headpiece: the legs are not required, (v) Ca 2+ can rapidly disrupt integrinFN complexes, even for αVβ3, (vi) Ca 2+ acts through a site that also binds Mn 2+ but not Mg 2+ , and (vii) the effect of Ca 2+ can be overcome by locking the βI domain in an open state, whereas promoting the closed state of βI has a similar effect to Ca 2+ binding. Taken together, our data demonstrate that integrinFN complexes can be dissociated by allosteric inhibitors but not by competitive (ligand-mimetic) inhibitors.
The non-reversible and time-stabilised states
The inability of small peptides to disrupt the preformed integrinFN complex indicates that the ligand-binding pocket, which includes the MIDAS site, is not accessible to these peptides in the ligand-bound state of the integrin. Shielding of ligand-binding pocket residues by ligand masking has been noted in other systems [41, 42] . For 5β1, αVβ1 and αVβ6 complexes the MIDAS site is still accessible to chelators such as EDTA, but it appears that this is not the case for αVβ3 complexes. EDTA-insensitive binding of αIIbβ3 to fibrinogen has also been reported [43] , suggesting that in β3 complexes the MIDAS cation may be tightly shielded by ligand and integrin amino acid side-chains. There is crystallographic evidence for burial of the MIDAS cation in ligand-bound (although closed) forms of αIIbβ3 and α5β1 [44, 19] .
We showed that non-reversibility is a feature of both high and low affinity states of the integrin, and therefore this property seems not to be dependent upon opening of the headpiece. However, local conformational changes supported by Mn 2+ or Mg 2+ but not by Ca 2+ appear to be required for binding to become non-reversible for αVβ3. It is likely that these changes take place within the vicinity of the ligand-binding pocket itself [16] , and probably involve movement of the 1 helix of the I domain (see below). The time-stabilised state we observed (with very low k d ) is likely to have the open headpiece [13] and be tightly held in this conformation. In support of this proposal, states with very low dissociation rates can also be formed using mAbs that 'lock' in the integrin in the open state [26, see also Figure 9A ]. It is currently unclear how such long-lived states relate to those caused by mechanical reinforcement [45] [46] [47] .
Nature of the Ca
2+ -binding inhibitory site and mechanism of function-altering mAbs
Our results indicated that Ca 2+ exerted its effects on the integrinFN complex through binding a site that could be occupied by Ca 2+ [24, 26, 49] . Additionally, the SyMBS may not be accessible to Ca 2+ in the integrinligand complex because it, like the MIDAS, can become deeply buried [19] . In contrast, the ADMIDAS is not directly involved in interaction with the ligand and is unlikely to become buried. Our findings, and previous studies [16, 23] , suggest that the action of Ca 2+ at the ADMIDAS is outside of the ligand-binding pocket, i.e. it acts allosterically.
The ADMIDAS site is linked to the top of the α1 helix via coordinating residues in the loop between β-strand 1 and α1 (β1-α1 loop). In the transition from the open to closed forms of the βI domain there is a major movement of the ADMIDAS ion, β1-α1 loop and α1 helix towards the α subunit [16] . The inward motion of the α1 helix eventually leads to loss of coordination of the ADMIDAS cation by the backbone carbonyl of Met 335 (β3 sequence), which then frees the α7 helix to undergo a downward piston-like motion that propels the outward swing of the hybrid domain [16] . It has been proposed [23] that since Ca 2+ , but not Mn 2+ , has a strong inclination to coordinate carbonyl groups [50] , binding of Ca 2+ at the ADMIDAS site favours the closed state, whereas occupancy of the ADMIDAS site by Mn 2+ favours the open state. Stimulatory (e.g. TS2/16) and function-blocking anti-β1 mAbs (e.g. 13 and 4B4) bind in the α2 helix region of the βI domain, and appear to regulate integrin activity by affecting the position of the adjacent α1 helix [12, 19] . Importantly, inhibitory anti-β1 mAbs and occupancy of the ADMIDAS site by Ca 2+ appear to perturb ligand binding in a very similar manner, i.e, by favouring the position of the α1 helix found in the closed state. On the other hand, the binding of stimulatory mAbs favours the position of the α1 helix found in the open state [12] , and hence binding of these mAbs could overcome the effect of Ca 2+ occupancy of the ADMIDAS.
Future applications for drug development
To identify novel allosteric inhibitors of integrins, the SPR system described here could be utilised in the future for medium throughput screening of small-molecule libraries: five compounds can be screened simultaneously in less than ten minutes. It could also be used for further analysis of allosteric antagonists to measure the maximal effect on the dissociation rate, and the concentration for half-maximal effect (as described here for Ca 2+ ).
RGD-based integrin antagonists, such as cilengitide, have had very limited success in the clinic for the treatment of cancer [51, 52] . Our data suggest this lack of efficacy could be due to the inability of such compounds to disrupt pre-existing integrinligand interactions, although other explanations are possible [53] . Several types of allosteric inhibitors for integrins have previously been described [44, [54] [55] [56] , although their effects on preformed integrinligand complexes have not yet been reported. Allosteric antagonists that can mimic the effect of Ca 2+ (i.e., promote the closed form of the headpiece) have the potential not only to prevent new integrin adhesions forming but also to dissociate pre-formed adhesions. Hence, we propose that the use of such inhibitors may prove of greater clinical benefit than ligand-mimetic antagonists.
Additionally, allosteric antagonists could have two further advantages over competitive antagonists. First, the oral bioavailability of RGD-based antagonists has been restricted by the essential requirement to include a carboxylic acid moiety [57, 58] . Allosteric antagonists would not have this limitation, and could therefore have improved pharmacokinetic properties. Second, allosteric antagonists are likely to have a much lower risk of thrombotic or thrombocytopenic side-effects [3, 59, 60] . Allosteric inhibitors could also be powerful adjuvants to existing integrin therapies. Binding of α5β1-Fc (A), αVβ1 (B), αVβ3 (C), or αVβ6 (D) took place for 180 s (or 120 s for αVβ1 and αVβ6) in six parallel channels in RBMn, followed by dissociation (1800 -2400 s) in the same buffer. Concentrations of integrins used were 10, 6.67, 3.33, 1.67, 0.83, and 0.42 nM for α5β1; 100, 75, 50, 25, 12.5, and 6.3 nM for αVβ1 and αVβ6; 110, 82.5, 55, 27.5, 13.8, and 6.9 nM for αVβ3 (orange, magenta, green, blue, cyan and red sensorgrams, respectively) Binding of α5β1-Fc (A), αVβ1 (B), αVβ3 (C), or αVβ6 (D) to 50K was allowed to proceed for 120 s in three parallel channels in RBMn, followed by RBMn injection for 60 s. At the time indicated by the downward pointing arrow (approx. 207 s) either RBMn (red sensorgram) or RB0 with 5mM EDTA (cyan sensorgram) was injected for approx. 120 s. No binding to 50K was observed if EDTA was present during the association phase (blue sensorgram). In this experiment, the dissociation rate of αVβ3 in RBMn was 6.7 x 10 -4 s -1 , the rate in RB0 with 5mM EDTA was 9.6 x 10 -4 s -1 (measured from 208-320 s). Binding of αVβ3 to 50K took place for 120 s in three parallel channels in RB0 containing 5 mM Mg 2+ (A-C), or RB0 containing 2 mM Ca 2+ (D-F) followed by injection of the same running buffer for 60 s. At the time indicated by the downward pointing arrow (approx. 207 s) either running buffer alone (red sensorgram) or running buffer with 1 M cilengitide (cyan sensorgram in panels A, D) or 2 M cRGD (cyan sensorgram in panels B, E), or RB0 with 5 mM EDTA (cyan sensorgram in panels C, F), was injected for approx. 120 s. No binding to 50K was observed if inhibitors were present during the association phase (blue sensorgrams). In panel D, the dissociation rate of αVβ3FN complexes in Ca 2+ was 4.2 x 10 -3 s -1 , the rate in the presence of cilengitide was 11.8 x 10 -3 s -1 . In panel E, the dissociation rate of αVβ3FN complexes in Ca 2+ was 3.7 x 10 -3 s -1 , the rate in the presence of cRGD was 9.7 x 10 -3 s -1 . ]. In this experiment the concentration of Ca 2+ for half-maximal effect was estimated to be 0.49 mM and the maximal off-rate was estimated to be 4.7 x 10 -2 s -1 ; the dissociation rate in RBMn was 5.8 x 10 -4 s -1 , there was no change in the dissociation rate in RB0 (not shown). For three experiments the concentration of Ca 2+ for half-maximal effect was 0.37 ± 0.1 mM (mean ± SD). A, Binding of α5β1-Fc to 50K took place for 120 s in four parallel channels in the presence of a Fab fragment of N29 (red and cyan sensorgrams) or TS2/16 (blue and green sensorgrams) in RBMn, followed by injection of the same buffer alone for 60 s. The concentration of α5β1-Fc was 3nM in buffer alone or with N29 Fab, or 7.5 nM with TS2/16 Fab fragment. At the time indicated by the downward pointing arrow (approx. 207 s) either RBMn (red and blue sensorgrams), or RB0 with 0.2 mM Ca 2+ (cyan and green sensorgrams) was injected for approx. 120 s. In the experiment shown the dissociation rate of α5β1-N29FN complexes in Mn 2+ was 7.4 x 10 -4 s -1 , the rate in 0.2 mM Ca 2+ was 56 x 10 -4 s -1 ; the dissociation rate of α5β1-TS2/16FN complexes in Mn 2+ was 1.2 x 10 -4 s -1 , the rate in 0.2 mM Ca 2+ was 7.6 x 10 -4 s -1 . In the same experiment (sensorgrams not shown) the dissociation rates of α5β1FN complexes in the absence of Fab fragments were essentially identical to those of α5β1-N29FN complexes. B, Binding of α5β1-Fc to 50K was allowed to occur for 120 s in three parallel channels in RBMn, followed by injection of the same buffer for 60 s. At the time indicated by the downward pointing arrow (approx. 207 s) either RBMn alone (red sensorgram), or RBMn with 67 nM mAb 13 (blue sensorgram), or RB0 with 0.2 mM Ca 2+ (cyan sensorgram), was injected for approx. 120 s. In the experiment shown the dissociation rate of α5β1FN complexes was 6.9 x 10 -4 s -1 , the dissociation rate of α5β1FN complexes in the presence of mAb 13 was 55 x 10 -4 s -1
, the rate in 0.2 mM Ca 2+ was 57 x 10 -4 s -1 . 
TABLES
